Hepatocellular carcinoma (HCC) is a cancer of substantial morphologic, genetic and phenotypic diversity. Yet we do not understand the relationship between intratumor heterogeneity and the associated morphologic/histological characteristics of the tumor. Using single-cell whole-genome sequencing to profile 96 tumor cells (30-36 each) and 15 normal liver cells (5 each), collected from three male patients with HBV-associated HCC, we confirmed that copy number variations occur early in hepatocarcinogenesis but thereafter remain relatively stable throughout tumor progression. Importantly, we showed that specific HCCs can be of monoclonal or polyclonal origins. Tumors with confluent multinodular morphology are the typical polyclonal tumors and display the highest intratumor heterogeneity. In addition to mutational and copy number profiles, we dissected the clonal origins of HCC using HBV-derived foreign genomic markers. In monoclonal HCC, all the tumor single cells exhibit the same HBV integrations, indicating that HBV integration is an early driver event and remains extremely stable during tumor progression. In addition, our results indicated that both models of metastasis, late dissemination and early seeding, have a role in HCC progression. Notably, early intrahepatic spreading of the initiating clone leads to the formation of synchronous multifocal tumors. Meanwhile, we identified a potential driver gene ZNF717 in HCC, which exhibits a high frequency of mutation at both single-cell and population levels, as a tumor suppressor acting through regulating the IL-6/STAT3 pathway. These findings highlight multiple distinct tumor evolutionary mechanisms in HCC, which suggests the need for specific treatment strategies.
Introduction
Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related deaths worldwide, and hepatitis B virus (HBV) infection is one of its leading causes [1] . During the past several years, next-generation sequencing studies using bulk tumor samples have revealed con-siderable intratumor molecular and genetic heterogeneity in HCC [2] [3] [4] [5] [6] . Such intratumor heterogeneity poses a great challenge for tumor characterization and therapeutic management of HCC patients [7] . As is well known, tumor initiation and evolution are mediated by sequential genetic alterations in single cells. Single-cell sequencing has the potential to provide new insights into cancer biological diversity that were difficult to resolve in genomic data from bulk tumor samples [8, 9] . Of note, recent single-cell genome (SCG)/exome sequencing in many solid tumors, including breast [10, 11] , renal [12] , bladder [13] , and colon cancers [14] has provided strong evidence for clonal tumor evolution [15] . All these reports showed that single cells within a tumor shared common founder genetic alterations with intratumor subpopulations occasionally detected, strongly favoring the evolution from a common single cell while arguing against field effects of mutagenesis and multicell origins.
Likewise, single-cell triple omics sequencing applied to 25 tumor cells derived from a human HBV-related HCC identified two subpopulations within these cells [16] . This study sequenced a single-nodular type HCC, providing informative data for deciphering intratumor heterogeneity of HCC at single-cell level, but left some unanswered questions. It is well known that HCC is defined as an extraordinarily heterogeneous disease due to its morphological and histological diversity. For typical examples, HCC with macroscopic portal vein tumor thrombus (PVTT), HCC with multifocal tumors, and the confluent multinodular HCC are very common and of great clinical significance. Previous studies have shown that distinct signatures of gene expression were closely related to morphological heterogeneity in HCC [17] [18] [19] , supporting the notion that genotypes affect morphological phenotypes. However, the true extent of intratumor heterogeneity and clonal diversity correlated with morphologic and histological features has not been clarified yet in HCC.
The aim of this study was to systematically investigate intratumor heterogeneity in HCC by correlating tumor morphology with single-cell genomic landscape. We applied SCG sequencing using MALBAC [20] to a total of 96 tumor cells (30-36 each) and 15 normal liver cells (5 each), collected from three HBV-related male HCC patients with distinct tumor morphologic features. Our results illustrate that multiple distinct tumor evolutionary models that are closely related to morphological phenotypes may operate in HCC.
Results

Patients and clinical characteristics
Given that HCC shows various morphological and pathological appearances [21] , we selected three morphological types that are of great clinical significance. First, macroscopic PVTT, detected in up to 30%-62% of HCC patients, is one of the most unfavorable prognostic factors, and these patients have a median survival of 3 months without treatment [22] . Second, different from other cancers, multifocal tumors are very common and occur in > 50% of HCC, arising as independent tumors (i.e., de novo tumor) or as intrahepatic metastases of the primary cancer [3, 4, 23] . However, their molecular pathogenesis remains elusive. Third, the confluent multinodular morphology is characterized by a cluster of confluent nodules, where each nodule has a clear margin or capsule and the overall tumor is lobulated [24] . This morphology is associated with tumor aggressiveness and is most prevalent in HCC with a HBV background compared with other etiologies [17] . Therefore, we selected a single-nodular HCC with PVTT (H-PT), a multifocal HCC (H-MF), and a confluent multinodular HCC (H-CM) for SCG sequencing ( Figure 1A ; Supplementary information, Figure S1 and Table S1 ). The three male patients were diagnosed with HBV-related HCC and underwent curative resection without any adjuvant therapy before.
To systematically assess tumor spatial heterogeneity, we sliced the tumors into pieces and obtained geographically separated samples from each cut face ( Figure 1B Figure 1C ).
HBV integration patterns indicate the monoclonal origin of H-PT and H-MF cases
HBV integration plays a causal role in HCC occurrence and progression [25] . Integrated HBV DNA sequences and episomal HBV genomes have been found in 85%-90% of HBV-related HCC. In this study, H-PT and H-MF were both HBV-related HCC with high load of serum HBV-DNA. We also performed population sequencing of the bulk tumors (50×) and matched blood samples (30×) of the two cases. In H-PT, we identified 5 HBV integration sites by analyzing bulk sequencing data In H-MF, the synchronous tumors H-MFa and H-MFb had the exact same 6 HBV integration sites as detected by bulk sequencing ( Figure 2B ). Likewise, all the tumor cells from H-MFa and H-MFb exhibited the same 6 HBV integrations as revealed by SCG sequencing and Sanger validation, without any new integrations detected ( Figure  2B and Supplementary information, Table S2 ). Thus, the two separated tumors in H-MF most likely originated from a single clone that had gained sufficient growth advantage after early intrahepatic spreading, mimicking a pair of monozygotic twins. During patient selection process, we assumed that the two separated tumors with comparable size (6 cm and 7 cm in diameter each) in H-MF should represent multicentric carcinogenesis (i.e., de novo tumor) under a chronic hepatitis background. However, based on the findings that multicentric tumor exhibited exclusively different HBV integrations and highly different genomic landscape [4, 19] , this H-MF case could be a model of early seeding (as opposed to the late dissemination model), where the two separated tumors are from one founding clone whose early intrahepatic spreading led to the formation of two large tumors.
For intratumor diversity, previous studies mainly focused on comparing the host endogenous genomic alterations [4, 5, 16] . Herein, we precisely dissected the clonal origins of human cancer using HBV-derived foreign genomic markers. Annotation of all the 11 HBV integrations showed that they all located in intergenic or intronic areas, where the X and S sequences of HBV may lead to chromosome instability (Supplementary information, Figure S4 and Table S2 ). The remarkable uniformity of HBV integration among spatially separated tumor cells within a tumor strongly supported that HBV integration was an early event during hepatocarcinogenesis [19] and remained extremely stable during tumor evolution. Comparing the number of HBV integration per individual, the 5 or 6 HBV integrations per individual in our analysis is similar to the 5-7 HBV integrations per individual reported in previous large-scale deep-sequencing studies [26, 27] . In addition to HBV integrations, a large number of reads that are uniquely mapped to the HBV genome were detected in those single cells from H-PT and H-MF, consistent with the presence of high load of serum HBV-DNA.
CNV profiles confirm the monoclonal origin of H-PT and H-MF cases
HBV integrations may not be sufficient to dissect the clonal diversity of HCC, considering that various selective pressure including microenvironment and persistent chronic hepatitis may lead to acquisition of driver alterations and thus emergence of subclones with survival advantage. Thus, single-cell genomic alterations were used to assess intratumor clonal heterogeneity for H-PT and H-MF cases.
MALBAC is well suited for the simultaneous characterization of SNVs and CNVs, in particular for profiling CNVs [28] . Based on our sequencing depth, we can precisely measure the CNV profiles of each cell. The error rates of almost all the single-cell samples were < 0.1% except H-CM22 and the proportion of Q20 and Q30 are all > 80%, which was suggestive of the stable sequenc- Table S3 ). These data demonstrated that chromosome rearrangements occurred early during tumor initiation [10, 11] , presented as punctuated bursts of copy number evolution, to generate a specific CNV profile per case, which was maintained throughout tumor formation and metastasis. Recent studies have reported substantial intratumor heterogeneity in HCC using multiregional sequencing [3] [4] [5] . We assumed that such intratumor heterogeneity in HCC was mainly attributed to somatic mutations that evolved gradually overtime in monoclonal populations. Multidimensional scaling analysis based on CNV profiles showed that tumor cells in each case were tightly clustered without any significant subclusters, further indicating that both H-PT and H-MF may be of monoclonal origin ( Figure 2E ). Meanwhile, tumor cells from H-PT and H-MF were obviously separated, indicating distinct CNV profiles. Analyzing the bulk exome data for distributions of mutant allele frequencies revealed that mutations for H-PT, H-MFa and H-MFb were all near a frequency of 50%, suggesting a single dominant clone within each tumor ( Figure 2F ).
Confluent multinodular HCC is of polyclonal origin
Previous studies have reported that confluent multinodular tumors display the highest heterogeneity of DNA ploidy compared to other types of nodular-type HCC [29] . However, the clonal relationship among these confluent nodules within a tumor remains largely unknown. SCG sequencing provides a good opportunity to elucidate the clonal diversity of these clearly separated intratumor nodules. As shown in Figure 3A , CNV heatmaps of H-CM single cells were quite different from those of two monoclonal tumors (H-PT and H-MF; Figure 2C and 2D). Each H-CM single cell has a distinct CNV profile and no large copy number segments were shared by all the tumor cells (mean R 2 = 0.27; Figure 3A and 3B), indicating a polyclonal origin of these intratumor nodules. Multidimensional scaling analysis roughly clustered those cells into several clones ( Figure 3C ). Phylogenetic tree analysis indicated that there were almost no trunk mutations ( Figure 3D) , consistent with the above results. Collectively, the field effect of mutagenesis and multicell origins in hepatocarcinogenesis resulted in independent genetic lineages that hardly share any founder genetic alterations, as exemplified by H-CM. Furthermore, we attempted to provide additional supportive evidence for its polyclonal origin from the HBV integration patterns. The serum HBV-DNA of H-CM was negative, indicating an occult HBV status. Coincidently, no HBV integrations ( Figure 3B ) and almost no episomal HBV-DNA reads were detected in tumor cells or normal cells, suggesting that HBV integrations may not be a causal event during hepatocarcinogenesis in this case.
Despite the relatively low coverage, single cells from H-PT and H-MF harbored high-prevalence recurrent nonsynonymous SNVs (12.7% and 5.1% of nonsynonymous SNVs were detected in > 50% tumor cells, respectively), whereas single cells from H-CM did not contain any common SNVs (present in > 50% of cells), strongly supporting its polyclonal origin ( Figure 4A ). Similar to coding SNV distribution in tumor single cells, H-CM harbored 0.2% common noncoding SNVs (≥ 50%) and no somatic noncoding SNVs shared by all the tumor single cells. In contrast to H-CM, H-PT harbored 6.1% and H-MF harbored 4.0% common SNVs in the noncoding regions, also supporting the conclusion of the monoclonal origins of these two tumors. In addition, cells from a single clone displayed similar CNV profiles, whereas cells of polyclonal origin showed different CNV profiles which resulted in a much lower frequency of shared CNVs among them. As such, the two monoclonal tumors reflected a well-known punctuated evolution model of CNV, whereas H-CM reflected a cumulative model that could be explained by its polyclonal origin ( Figure 4B ). Altogether, we conclude that these confluent nodules within H-CM were of polyclonal origin, each borne from distinct cancer-initiating cells.
ZNF717 acts as a new tumor suppressor in HCC
Next, we sought to identify coding SNVs that potentially had functional impacts. The number of single cells in each case were above 30, yielding a total of > 330× depth each, which enabled SNV calling on most exome regions. Using stringent criteria, we identified 275, 349 and 302 coding SNVs in H-PT, H-MF and H-CM, respectively (Supplementary information, Table S4 ). The mutated genes that are documented in the Cancer Gene Census dataset [30] or have been reported as HCC driver mutations [31] [32] [33] [34] were listed in the circos plots ( Figures  2 and 3 ). Using OncodriveCLUST [35] , the mountain gene ZNF717 located at 3p12.3 was identified to be of particular interest, in which mutations recurred in the three cases with the highest frequency (Supplementary information, Figure S8A ). ZNF717 mutation rate was 90% in H-MF and 72% in H-PT, achieving an average of 80% in the monoclonal origin tumor single cells, but only 17% in the polyclonal origin tumor H-CM. ZNF717 mutations were also detected in 47 out of 88 HCCs in an early study but at different sites (Supplementary information, Figure S8B ) [36] , indicating that ZNF717 alterations were mountains at both individual and population levels. Protein encoded by ZNF717 belongs to the zinc-finger family, which is known to play key roles in regulating gene expression [36] . However, the exact role of ZNF717 in tumor pathogenesis remains unknown.
Next, we used shRNA to knock down ZNF717 in two HCC cell lines HepG2 and Huh7. Our results showed that ZNF717 knockdown in HCC cells significantly promoted cell growth, adhesion, migration and invasion, while potently inhibiting cell apoptosis in vitro, as compared to the control (Supplementary information, Figure  S9 ). We further examined STAT3-regulated adhesion and migration molecules such as MMP2, CD44 and ITGA3, and their expression was significantly increased by ZNF717 knockdown (Supplementary information, Figure  S10 ). In xenograft HCC models, ZNF717 knockdown accelerated both the subcutaneous and orthotropic tumor growth, and significantly correlated with reduced survival time of tumor-bearing mice ( Figure 5 ). Clinically, low expression of ZNF717 was revealed to be significantly correlated with dismal prognosis in two independent patient cohorts ( Figure 6 ). First, using publically available microarray dataset (n = 289) [37, 38] , we revealed that low expression of ZNF717 mRNA correlated with reduced survival (P = 0.003, Figure 6B ). Second, using tissue microarrays containing 236 consecutive HCC patients [4] , we determined ZNF717 protein expression by immunohistochemistry. We found that ZNF717-positive staining was mainly detected in cell nuclei. Normal liver cells showed uniformly high expression of ZNF717, whereas HCC cells showed significant downregulation of ZNF717 expression ( Figure 6A ). Likewise, downregulation of ZNF717 expression correlated with poor survival (P = 0.032, Figure 6B) . Collectively, the results indicated that ZNF717 may act as a tumor suppressor in HCC.
To further identify the underlying mechanism of tumor suppressing function of ZNF717 in HCC, gene expression profiles and the activities of a total of 45 signal transduction pathways were compared between shZNF717 and control HepG2 cells. The results showed that STAT3 pathway was the leading pathway that was significantly activated in shZNF717 HepG2 cells (4.2-fold upregulation vs control; Figure 7A ), and similar results were obtained in tumor samples from HCC patients (Supplementary information, Figure S11 ). IL-6 was found to be one of the top genes that was significantly upregulated in shZNF717 HepG2 cells (17.0-fold upregulation vs control; Figure 7B ), suggesting that the IL-6/STAT3 pathway may be downstream of ZNF717 in HCC. Furthermore, increased levels of IL-6 ( Figure 7C ), upregulation of STAT3 target gene expression ( Figure  7D ), and elevated expression of STAT3 ( Figure 7E ) were observed in HCC cell lines following ZNF717 knockdown.
The mechanisms of ZNF717 in regulating STAT3 has not been investigated before. Herein, we found that ZNF717 bound to three regions of the STAT3 promoter, and the binding to the −1 171 to −1 022 region was the most significant (an average of 937% enrichment; Supplementary information, Figure S12A Figure  S12F and S12G). These results suggest that the tumor-inhibiting effect of ZNF717 in HCC is likely mediated through regulation of the IL-6/STAT3 pathway.
Discussion
With the advent of next-generation sequencing, there has been significant interest in studying intratumor genetic heterogeneity in HCC although previous efforts have mainly focused on the spatial heterogeneity within a tumor or the relationship between the primary and metastatic tumors [2] [3] [4] [5] [6] . It is well established, however, that HCC frequently displays heterogeneous growth patterns and morphologic features. Over 50% of HCC cases harbor multifocal lesions [3, 4, 23] , about 30% of cases show a confluent multinodular morphology featured by a cluster of confluent nodules [17, 24] , and 30%-62% of cases ultimately develop macroscopic PVTT upon tumor progression [22] . We sought to establish the relationship between intratumor genetic diversity and distinct morphologic phenotypes, which should be of pivotal importance in HCC.
In this study, using single-cell whole-genome sequencing, we evaluated three HBV-related HCC cases with typical morphologic phenotypes. Analyzing these data allowed us to delineate a detailed intratumor genetic landscape of HCC at a single-cell level, and relate it to distinct tumor morphologies. Our results supported that both models of metastasis, late dissemination and early seeding [39] , have a role in human HCC. The H-PT case with PVTT exemplifies the model of late dissemination, where the thrombotic tumor cells genetically resemble the cells from tumor mass. The H-MF case is a good model of early seeding, where the two separated tumors are from one founding clone whose early intrahepatic Figure 6 Prognostic significance of ZNF717 expression in HCC patients. (A) Representative immunostaining images of ZNF717 in HCC patients. ZNF717-positive staining was mainly detected in cell nuclei. Normal liver cells showed uniformly high expression of ZNF717, whereas HCC cells showed significant downregulation of ZNF717 expression. Scale bar, 50 μm. (B) Low expression of ZNF717 mRNA or protein significantly correlated with poor survival in HCC patients. ZNF717 mRNA expression data were adopted from [37, 38] (n = 289). ZNF717 protein expression was determined by immunohistochemistry on tissue microarray containing 236 consecutive HCC patients as previously reported [4] .
spreading led to the formation of two large tumors with comparable size. Importantly, the H-CM case exemplifies the relevance of the mutagenic field effect of chronic hepatitis and multicellular origins in hepatocarcinogenesis (Figure 8 ), resulting in independent genetic lineages that hardly share any founder genetic alterations. Consistent with our results, a latest study applying genome and transcriptome sequencing on a nodule-in-nodule HCC also showed no sharing in CNV and expression profiles, and on another case with confluent multiple nodules showed distinct somatic SNV profiles among these intratumor nodules [40] . Therefore, these intratumor nodules in the H-CM case were likely independently derived from different liver cancer progenitor cells, i.e., polyclonal origin. These findings highlight that multiple distinct tumor evolutionary mechanisms operate in HCC and that these different pathways of evolution result in different HCC-specific morphologies and importantly call for different treatment strategies. Hence, understanding cancer evolution has the potential to guide cancer treatment practice.
HBV integration into the host liver cell genome has been suspected to occur during chronic HBV infection before the initiation of HCC tumorigenesis [19] . During chronic hepatitis/cirrhosis, hepatocytes with HBV integrations undergo certain rounds of expansion, and finally gain growth advantages that lead to clonal expansion and tumorigenesis. In this study, the HBV integration pattern in monoclonal tumors H-PT and H-MF was consistent with this model. We revealed the remarkable uniformity of HBV integration among spatially separated tumor cells within H-PT and H-MF, which further supports that HBV integration is an early driver event during hepatocarcinogenesis and remains extremely stable during tumor evolution. As such, in addition to the CNV and mutational profiles, HBV integration pattern could be used to aid the illustration of the clonal diversity of HBV-related HCC.
Previous deep-sequencing studies indicated that multifocal tumors in HCC develop as independent tumors or as intrahepatic metastases [3, 4, 23] . However, whether the confluent multinodular HCC derives from multiple carcinogenesis events under the chronic hepatitis/cirrhosis background or intratumor subclonal ex- pansion remains unknown. Our data showed that these intratumor nodules within H-CM were probably derived independently from distinct liver progenitor cells rather than from a common precancerous ancestor. Therefore, although the confluent multinodular HCC is confined within a tumor mass, it should no longer be considered as one tumor but multiple independent tumors in future clinical practice. Moreover, we demonstrate that intratumor heterogeneity derives from subclonal mutations in monoclonal tumors or from the quite different genetic architectures of each independent clone in polyclonal tumors.
In conclusion, these findings in HBV-related HCC reconcile the existing theory of "seed and soil" and raise fascinating new issues for HCC science and treatment practice. Future work with single-cell multi-omic platforms applied to more HCCs and novel experimental models are needed for a more complete understanding of the initiation, progression and therapeutic resistance of this fatal malignancy.
Materials and Methods
Sample collection
HCC demonstrates various morphological and pathological appearances. Herein, we selected a single-nodular HCC with PVTT, a multifocal HCC, and a confluent multinodular HCC for SCG sequencing. The three male patients were diagnosed with HBV-related HCC who underwent curative resection at Zhongshan Hospital without any adjuvant therapy before. Tumor samples were obtained immediately after resection and sent for single cell isolation and histological examination. The study was approved by the Institutional Review Board with written informed consent from each patient.
Single-cell isolation
The paired normal liver and HCC tissue were minced and digested with collagenase I (GIBCO) at 37 °C for 2 h. The normal liver and HCC cell suspension were filtered with screen cloth and stained with CD31 and CD45. The single cell was then sorted into a 96-well plate using a FACSArila II flow cytometry system (BD Biosciences). Moreover, the cells were shipped in drikold and stored at −80 °C until DNA extraction.
Whole-genome sequencing and data analysis
Whole-genome sequencing of lysed single cells and bulk samples, and data analyses including somatic coding and noncoding SNV detection, somatic CNV detection, single-cell classification, detection of HBV integration sites, phylogenetic tree construction, and cancer driver gene prediction were detailed in Supplementary information, Data S1.
Cell lines and animals
Human HCC cell lines HepG2 and Huh7 were obtained from the Chinese Academy of Medical Sciences. Silencing of ZNF717, overexpression of ZNF717 and STAT3, as well as CRISPR/Cas9 manipulation were detailed in Supplementary information, Data S1. NOD/SCID mice were obtained from the Animal Center of the Chinese Academy of Medical Science, Beijing.
Functional experiments in vitro
Cell proliferation, attachment and invasion assays, wound healing assay, apoptosis and cell cycle assays, ELISA and western blot were detailed in Supplementary information, Data S1.
Animal experiments
Six-week-old NOD/SCID female mice weighing ~15 g were used. Animal xenograft models of shCtrl/shZNF717 HepG2/Huh7 cells were created by subcutaneously injecting cells (1 × 10 6 resuspended in PBS) into the back of mice. Tumor size was measured twice a week. As for the orthotopic NOD/SCID mouse model, cells were labeled with luciferase and transplanted into the murine liver. The photon counts of each mouse were indicated by the pseudo-color scales.
Prognostic value of ZNF717 expression
The prognostic value of ZNF717 expression was evaluated in two independent patient cohorts. First, mRNA expression data of ZNF717 were adopted from Roessler et al. (GSE14520) [37, 38] , which contained a total of 289 HCC patients with complete clinicopathologic and survival information. The median duration of follow-up of this cohort was 72.5 months. Second, protein expression of ZNF717 and pSTAT3 was investigated using immunohistochemical staining on tissue microarrays containing a total of 236 HCC patients (Supplementary information, Data S1) [4] . The median duration of follow-up of this cohort was 60 months.
Pathway reporter array
Profile of the changes in the activities of 45 signaling pathways in shCtrl and shZNF717 HepG2 cells was evaluated using the Cignal 45-Pathway Reporter Array (QIAGEN). Dual-luciferase reporter assays, with a pathway-specific firefly luciferase reporter and a constitutively expressed Renilla reporter serving as a normalization control, was performed.
RNA extraction and microarray analysis
Total RNA of shCtrl or shZNF717 HepG2 cells was extracted with TRIzol reagent (Invitrogen) using a standard isopropanol/ chloroform protocol. Gene expression patterns were analyzed with a human gene chip that contained clones of 35 000 human genes (CapitalBio Corp, Beijing, China). Microarray slides were scanned with a ScanArray 4000 Microarray Analysis System (Packard BioScience), and data were analyzed with data analysis software (Dapple version 0.86 beta).
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as previously described [41] . Briefly, 10 7 cells were crosslinked with 1% formaldehyde in lysis buffer, and sonicated on ice resulting in an average DNA fragment length of 500 bp. Immunoprecipitation was performed in ChIP dilution buffer overnight with IgG and ZNF717 antibody with agitation. A protein A agarose/Salmon Sperm DNA (Merck Millipore) slurry was added and incubated for 2 h at 4 °C with agitation. After centrifugation and 5-time washes, the immunoprecipitated fraction was eluted. The crosslinking was
